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Introduction {#sec001}
============

Interleukin-10 (IL-10) is a pluripotent immuno-regulatory protein initially characterized as an immunosuppressive cytokine. This moniker is predominantly derived from IL-10's inhibition of Toll-like receptor agonist stimulation of pro-inflammatory cytokine secretion from monocytes \[[@pone.0156229.ref001]--[@pone.0156229.ref004]\]. Pegylated-rMuIL-10 is a 5kDa N-terminally PEGylated form of IL-10 that has been reported to exert potent CD8+ T cell and IFNƔ dependent anti-tumor immunity \[[@pone.0156229.ref005]\]. PEGylated rHuIL-10, is currently undergoing immunoncology Phase 1b trials \[[@pone.0156229.ref006]\]. The IL-10 receptor is expressed by hematopoietic cells \[[@pone.0156229.ref007]\], epithelial cells \[[@pone.0156229.ref008]\], fibroblasts \[[@pone.0156229.ref009]\], hepatic stellate cells \[[@pone.0156229.ref010]\], and hepatocytes \[[@pone.0156229.ref011]\]. IL-10 exposure has been previously shown to decrease serum cholesterol and reduce atherosclerotic plaques in Ldlr-/- and ApoE-/- mice \[[@pone.0156229.ref012]--[@pone.0156229.ref014]\]. Schering Plough safely treated approximately 2500 autoimmune patients with non-PEGylated IL-10 and reported the lowering of total cholesterol by up to 30% \[[@pone.0156229.ref015]\]. To date however, the underlying mechanism of how IL-10 lowers plasma cholesterol in both mice and humans is unknown. IL-10 has been shown to increase the uptake and efflux of acetylated and oxidized low density lipoprotein (LDL) cholesterol from atherosclerotic lesions via the induction of scavenger receptors in myeloid cells and cell lines \[[@pone.0156229.ref016]--[@pone.0156229.ref018]\]. This process is termed Reverse Cholesterol Transport (RCT) \[[@pone.0156229.ref019], [@pone.0156229.ref020]\]. Macrophages contribute to RCT through the uptake of both acetylated and oxidized cholesterol \[[@pone.0156229.ref021], [@pone.0156229.ref022]\]. However, treatment with PEG-rIL-10 lowers total cholesterol, not just the acetylated and oxidized forms. Therefore, while IL-10 enhances peripheral macrophage uptake and efflux of modified cholesterol, this biology alone is not sufficient to explain IL-10's regulation of total cholesterol levels. We observed that Schering-Plough investigators noted a general increase in CD14+ peripheral monocytes in their investigators brochure. Interestingly, increases in peripheral monocytes are associated with low total cholesterol levels in patients suffering from Gaucher disease \[[@pone.0156229.ref023]\]. Contrary to current theories with regard to the ratio of low density (LDL) to high density (HDL) serum lipoproteins, low HDL in these patients also does not imperil their cardiovascular health \[[@pone.0156229.ref024]\]. In addition, patients suffering from acute myelogenous leukemia are often hypocholesterolemic \[[@pone.0156229.ref025], [@pone.0156229.ref026]\], with evidence of enhanced cholesterol catabolism \[[@pone.0156229.ref027]\]. Lastly, the potent mediator of myeloid function GM-CSF \[[@pone.0156229.ref028]\], is reported to reduce serum cholesterol \[[@pone.0156229.ref029]\]. We have PEGylated recombinant murine IL-10, (PEG-rMuIL-10), and human IL-10 (AM0010), to improve their pharmacokinetic profiles for the purposes of treating cancer patients. We observed similar total cholesterol reductions in our patients as reported by Schering Plough, and have investigated how PEGylated recombinant IL-10 (PEG-rIL-10) regulates total plasma cholesterol. We provide evidence herein that administration of PEG-rIL-10 enhances liver resident Kupffer cell phagocytosis which reduces total cholesterol levels in hypercholesterolemic mice and humans, thereby engaging endogenous cholesterol regulating cell populations not currently targeted by standard of care therapeutics.

Results {#sec002}
=======

PEG-rIL-10 treatment is safe and reduces plasma cholesterol levels {#sec003}
------------------------------------------------------------------

We investigated the effect of AM0010 and PEG-rMuIL-10 treatment on plasma cholesterol in cancer patients, wt and Ldlr-/- mice ([Fig 1](#pone.0156229.g001){ref-type="fig"}). Cancer patients exhibit decreases of total, LDL and HDL plasma cholesterol levels of approximately 50% when dosed with up to 20 μg/kg s.c. qd AM0010. ([Fig 1A--1C](#pone.0156229.g001){ref-type="fig"}). These data are similar to those reported by Schering Plough, ([S1 Table](#pone.0156229.s044){ref-type="supplementary-material"}). PEG-rMuIL-10 treated wild type (wt) mice on normal chow exhibit no decrease in total plasma cholesterol ([Fig 1D](#pone.0156229.g001){ref-type="fig"}), whereas treatment of moderately hypercholesterolemic low density lipid receptor (Ldlr) -/- mice on normal chow ([Fig 1E](#pone.0156229.g001){ref-type="fig"}) and wt mice on high fat chow ([Fig 1F](#pone.0156229.g001){ref-type="fig"}) lowers cholesterol by 22--25%. Ldlr-/- mice on high fat chow with plasma cholesterol levels of approximately 1800 mg/dL exhibit a decrease of nearly 50% after two weeks of dosing ([Fig 1G](#pone.0156229.g001){ref-type="fig"}). Longer dosing of Ldlr-/- mice leads to total plasma cholesterol drops up to 70% (data not shown). In addition, unlike current therapies such as statins and Ezetimibe, treatment with PEG-rMuIL-10 reduces very low density lipoprotein, (VLDL), LDL and HDL ([Fig 2A](#pone.0156229.g002){ref-type="fig"}). Schering Plough reported that recombinant IL-10 treatment was generally well tolerated \[[@pone.0156229.ref030], [@pone.0156229.ref031]\] with chronic treatment lasting up to 1 year ([S1 Table](#pone.0156229.s044){ref-type="supplementary-material"}). Serum chemistries from Crohn's patients exhibited few changes when dose subcutaneously daily, for 28 days up to 20 μg/kg ([S2 Table](#pone.0156229.s045){ref-type="supplementary-material"}) \[[@pone.0156229.ref032]--[@pone.0156229.ref034]\]. Mice responded similarly to PEG-rMuIL-10 treatment except for a slight increase in murine aspartate aminotransferase (ALT) values, ([S3 Table](#pone.0156229.s046){ref-type="supplementary-material"}). We have currently treated 266 cancer patients, the longest up to 17 months. The cancer patient dose escalation adverse event profile of 33 patients \[[@pone.0156229.ref006]\] is consistent with Schering Plough's reports. Specifically, these data indicate that chronic treatment with AM0010 is safe and well tolerated.

![PEG-rIL-10 treatment is safe and reduces plasma cholesterol levels.\
(A), total plasma cholesterol of cancer patients that received daily subcutaneous doses of 1, 2.5, 5, 10 or 20 μg/kg AM0010 for 22 days. (B), LDL levels of patients in (A). (C), HDL levels of patients in (A). (D-G), 5--10 wt and Ldlr-/- mice were either fed normal chow (nc) or high fat chow (hfc) for two weeks prior to dosing. All mice were dosed with vehicle or 0.2 mg/kg PEG-rMuIL-10 for 1--2 weeks. (D), total plasma cholesterol after dosing of wt mice fed nc. (E), total plasma cholesterol after dosing of Ldlr-/- mice fed nc. (F), total plasma cholesterol after dosing in wt mice fed hfc. (G), total plasma cholesterol after dosing of Ldlr-/- mice fed hfc. (A-C) statistics were assessed by ANOVA multiple comparisons where the control was 100% and where \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. (D-G) statistics assessed by Students t-test.](pone.0156229.g001){#pone.0156229.g001}

![PEG-rMuIL-10 treatment reduces total plasma cholesterol and combines with Ezetimibe.\
(A), size exclusion chromatographic analysis of plasma cholesterol from vehicle, 0.2 or 1 mg/kg treated Ldlr-/- mice on hfc, treated for 2 weeks. (B), total plasma cholesterol of Ldlr-/- mice treated with 0.2 or 1 mg/kg PEG-rMuIL-10 with or without 10 mg/kg Ezetimibe. (C), total plasma cholesterol of Ldlr-/- mice treated with 0.2 or 1 mg/kg PEG-rMuIL-10 with or without 75 mg/kg Simvastatin. (B-C) statistics assessed by ANOVA multiple comparisons where \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](pone.0156229.g002){#pone.0156229.g002}

PEG-rMuIL-10 treatment reduces all plasma cholesterol and combines with Ezetimibe {#sec004}
---------------------------------------------------------------------------------

Given the broad reduction of plasma cholesterol, we investigated whether PEG-rMuIL-10 treatment of high fat fed Ldlr-/- mice exhibited reductions of all plasma lipids, or only a subset of plasma lipids. Treatment with PEG-rMuIL-10 causes the reduction of all forms of plasma lipids ([Fig 2A](#pone.0156229.g002){ref-type="fig"}). Given this substantial reduction in all forms of plasma cholesterol we addressed whether PEG-rMuIL-10 was affecting cholesterol uptake by the intestine or the liver. Expression analysis did not reveal any substantial changes to cholesterol uptake or trafficking genes in the jejunum or ileum ([S1](#pone.0156229.s001){ref-type="supplementary-material"} and [S2](#pone.0156229.s002){ref-type="supplementary-material"} Figs). In support of these data, PEG-rMuIL-10 treatment combines to reduce cholesterol with the uptake blocker Ezetimibe ([Fig 2B](#pone.0156229.g002){ref-type="fig"}), but not the hepatic cholesterol synthesis blocker, Simvastatin ([Fig 2C](#pone.0156229.g002){ref-type="fig"}). Under the conditions tested, unlike Ezetimibe, Simvastatin did not reduce plasma cholesterol, nor did it combine with PEG-rMuIL-10. These data suggested to us that PEG-rMuIL-10 may not alter the uptake or efflux of dietary cholesterol from the intestinal track. Therefore, given these data and previous investigators reported observations that IL-10 could directly affect cholesterol synthesis biology in human hepatocellular carcinoma cells in vitro, we investigated PEG-rMuIL-10's effect on liver biology. Previous reports suggested IL-10 regulates the Mevalonate pathway. Expression analysis of the hepatic mevalonate pathway suggests that PEG-rMuIL-10 may moderately inhibit this pathway ([S3](#pone.0156229.s003){ref-type="supplementary-material"}--[S6](#pone.0156229.s006){ref-type="supplementary-material"} Figs).

PEG-rMuIL-10 regulates cholesterol independent of the scavenger receptors, Msr1 and Marco {#sec005}
-----------------------------------------------------------------------------------------

To further investigate PEG-rMuIL-10's effect on the liver, we first assessed its regulation of liver fat, cholesterol and triglycerides. In confirmation of previous reports, PEG-rMuIL-10 treatment lowers total lipid concentrations in the liver ([S7 Fig](#pone.0156229.s007){ref-type="supplementary-material"}). PEG-rMuIL-10 treatment significantly lowers hepatic cholesterol of high fat fed Ldlr-/- mice ([Fig 3A--3D](#pone.0156229.g003){ref-type="fig"}). Hepatic triglyceride concentrations trend lower in wt and Ldlr-/- mice fed normal chow but are significantly lower in wt and Ldlr-/- mice fed high fat chow ([Fig 3E--3H](#pone.0156229.g003){ref-type="fig"}). Further examination revealed that PEG-rMuIL-10 treatment increased Ki67 ([S8 Fig](#pone.0156229.s008){ref-type="supplementary-material"}) and PCNA ([S9](#pone.0156229.s009){ref-type="supplementary-material"}--[S12](#pone.0156229.s012){ref-type="supplementary-material"} Figs) expression. Additional immunohistochemistry analysis suggested these proliferating cells are Sca1 positive oval stem cells (data not shown). These data are consistent with IL-10's ability to promote hepatic homeostasis \[[@pone.0156229.ref035], [@pone.0156229.ref036]\] but these effects do not consistently correlate with total cholesterol regulation. Proliferation and oval cell increases are the same in all strains and diets but wt type mice do not exhibit treatment associated cholesterol regulation. Previous reports suggest IL-10 regulates cholesterol through induction of scavenger receptor expression. Expression analysis revealed PEG-rMuIL-10 treatment induced changes in Msr1 and Marco expression independent of cholesterol reductions ([S13](#pone.0156229.s013){ref-type="supplementary-material"}--[S16](#pone.0156229.s016){ref-type="supplementary-material"} Figs). However, IHC based quantitation revealed that upregulation of Msr1 appeared to trend with peripheral cholesterol regulation ([Fig 3I--3L](#pone.0156229.g003){ref-type="fig"}), where PEG-rMuIL-10 treatment of wt and Ldlr-/- mice fed high fat chow induced significant differences in detectible Msr1 ([Fig 3K and 3L](#pone.0156229.g003){ref-type="fig"}). Unexpectedly and contrary to expectations that IL-10 regulates cholesterol through induction of scavenger receptors \[[@pone.0156229.ref014]\], we discovered that PEG-rMuIL-10 mediated cholesterol reduction is independent of either Msr1 or Marco ([Fig 3M and 3N](#pone.0156229.g003){ref-type="fig"}).

![PEG-rMuIL-10 regulates cholesterol independent of scavenger receptors Msr1 and Marco.\
All mice were treated for 1--2 weeks by subcutaneous, daily (qd) injection with vehicle or 0.2 mg/kg PEG-rMuIL-10. Mice on nc or high fat chow hfc were pre-fed for 2 weeks prior to treatment. (A-D), liver tissue cholesterol quantitation from stated strain and diet, 5--10 animals per group with 4--5 livers randomly selected for quantitation. (E-H), liver tissue triglyceride quantitation was performed identically to cholesterol quantitation (A-D). (I-L), liver IHC Msr1 image quantitation from stated strain and diet. For quantitation of Msr1, 5--10 mice/cohort were initially analyzed and 3--5 mouse livers/cohort were randomly selected for signal quantification. (M), total plasma cholesterol from wt and Msr1-/- mice. (N), total plasma cholesterol from wt and Marco-/- mice. (A-L) statistics assessed by Students t-test where \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. (M-N) statistics assessed by ANOVA multiple comparisons where \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](pone.0156229.g003){#pone.0156229.g003}

PEG-rMuIL-10 and AM0010 treatment increase peripheral and hepatic myeloid cells {#sec006}
-------------------------------------------------------------------------------

We consistently observed a reduction in apparent steatotic cells ([Fig 4A and 4B](#pone.0156229.g004){ref-type="fig"}). Kupffer cells purportedly specifically regulate liver steatosis in response to high dietary fat intake \[[@pone.0156229.ref037]\] and therefore sit at the crossroads of dietary fat induced Fatty Liver Disease (FLD) and Nonalcoholic Steatohepatitis (NASH) \[[@pone.0156229.ref038]\]. Kupffer cells are macrophage/monocyte in origin \[[@pone.0156229.ref039]\]. In addition however, Kupffer cells also play a significant role in normal cholesterol uptake and catabolism. In early cholesterol regulation studies conducted with rabbits, Kupffer cells were reported to take up \~70% of total plasma LDL while constituting only \~4% of the cells in the liver \[[@pone.0156229.ref040]\]. In separate studies, Kupffer cells were shown to exhibit 18 fold greater cholesterol catabolism than hepatocytes \[[@pone.0156229.ref041]\]. We report, in agreement with Schering Plough data, (not shown), that mice and humans treated with PEG-rMuIL-10/AM0010 exhibit increased peripheral monocytes ([Fig 4C and 4D](#pone.0156229.g004){ref-type="fig"}). Similarly, CD14 and F4/80 hepatic expression moderately increases with treatment ([S23](#pone.0156229.s023){ref-type="supplementary-material"}--[S26](#pone.0156229.s026){ref-type="supplementary-material"} Figs). F4/80 positive hepatic cells significantly increase with treatment only in high fat fed wt and Ldlr-/- mice ([Fig 4E--4H](#pone.0156229.g004){ref-type="fig"}) suggesting a role for these cells in response to both a high dietary fat diet and PEG-rMuIL-10 treatment. The reduction in steatotic cells prompted our investigation of whether PEG-rMuIL-10 treatment alters hepatic fibrosis. Long term high fat dietary treatment will lead to classic hexagonal collagen deposition within the liver \[[@pone.0156229.ref042]\]. We did not permit the study to proceed to this extent, however we did assess collagen deposition within the liver after 4 months of high fat diet treatment and 28 day treatment with PEG-rMuIL-10. Under these conditions the Ldlr-/- hfc mice exhibited substantially reduced periportal collagen deposition compared to controls ([S20 Fig](#pone.0156229.s020){ref-type="supplementary-material"} and [S24 Fig](#pone.0156229.s024){ref-type="supplementary-material"}). We further determined that PEG-rMuIL-10 treatment could reverse established periportal fibrosis ([S25](#pone.0156229.s025){ref-type="supplementary-material"}--[S27](#pone.0156229.s027){ref-type="supplementary-material"} Figs). The periportal collagen levels are consistent with those observed in wt mice fed normal chow ([S17 Fig](#pone.0156229.s017){ref-type="supplementary-material"} compared to [S27 Fig](#pone.0156229.s027){ref-type="supplementary-material"}).

![PEG-rMuIL-10 and AM0010 treatment increase peripheral and hepatic myeloid cells.\
All mice were treated for 1--2 weeks by s.c, qd injection with vehicle or 0.2 mg/kg PEG-rMuIL-10. Mice on nc or hfc were pre-fed for 2 weeks prior to treatment. (A-B), H&E periportal IHC same from (4A) vehicle or (4B) 0.2 mg/kg PEG-rMuIL-10 treated mouse. (C), quantitation of peripheral murine monocytes in Ldlr-/- hfc fed mice treated s.c. qd for two weeks with vehicle and 0.2 mg/kg PEG-rMuIL-10. (D), quantitation of peripheral human monocytes in cancer patients treated for 22 days s.c. qd with 20 μg/kg AM0010. (E-H), liver IHC F4/80 image quantitation from stated strain and diet. For quantitation of Msr1, 5--10 mice/cohort were initially analyzed and 3--5 mouse livers/cohort were randomly selected for signal quantification. Statistics were assessed by Student t test where \*p\<0.05.](pone.0156229.g004){#pone.0156229.g004}

AM0010 treatment enhances Kupffer cell phagocytosis of LDL and VLDL particles {#sec007}
-----------------------------------------------------------------------------

To specifically determine which cells in the liver respond to PEG-rIL-10, we treated primary human monocytes, macrophages, Kupffer cells and hepatocytes with AM0010 in vitro. Consistent with previous reports, AM0010 increased the uptake of Ac- and Ox-LDL, but not unmodified LDL by primary peripheral blood monocytes ([Fig 5A](#pone.0156229.g005){ref-type="fig"}). M-CSF differentiated macrophages did not respond to AM0010 ([Fig 5B](#pone.0156229.g005){ref-type="fig"}), whereas AM0010 increased primary Kupffer cell uptake of LDL but not Ac- or Ox-LDL ([Fig 5C](#pone.0156229.g005){ref-type="fig"}). Contrary to previous reports suggesting HepG2 liver tumor cells respond to IL-10 treatment by increased cholesterol uptake, primary hepatocyte uptake of unmodified, Ac- or Ox-LDL was unchanged in response to AM0010 ([Fig 5D](#pone.0156229.g005){ref-type="fig"}). Further investigation of this effect revealed that AM0010 treated human Kupffer cells take up more VLDL and that both LDL and VLDL uptake was blocked by Cytochalasin D, an inhibitor of phagocytosis ([Fig 5E and 5F](#pone.0156229.g005){ref-type="fig"}). While myeloid lineage cells are generally phagocytic, these data are the first to show that the nature of cholesterol uptake is different between monocytes, macrophages, and Kupffer cells in response to AM0010. To further substantiate the hypothesis that Kupffer cells are responsible for removal of plasma cholesterol we investigated whether there was an increase in efflux or canonical cholesterol catabolic pathways in vivo. PEG-rMuIL-10 treated mice do not exhibit discernable changes in fecal cholesterol ([S28](#pone.0156229.s028){ref-type="supplementary-material"}--[S31](#pone.0156229.s031){ref-type="supplementary-material"} Figs), or fecal total bile acids ([S32 Fig](#pone.0156229.s032){ref-type="supplementary-material"} and [S35 Fig](#pone.0156229.s035){ref-type="supplementary-material"}). In addition, total serum bile acids did not change consistently with treatment in any groups ([S36 Fig](#pone.0156229.s036){ref-type="supplementary-material"} and [S37 Fig](#pone.0156229.s037){ref-type="supplementary-material"}). There was also no significant change to serum ApoA1 levels in Ldlr-/- mice fed normal chow ([S40 Fig](#pone.0156229.s040){ref-type="supplementary-material"}) or high fat fed wt and Ldlr-/- mice ([S41 Fig](#pone.0156229.s041){ref-type="supplementary-material"} and [S42 Fig](#pone.0156229.s042){ref-type="supplementary-material"}). Specific to liver cholesterol regulation, ApoB-100 levels were not changed in high fat fed Ldlr-/- mice ([S43 Fig](#pone.0156229.s043){ref-type="supplementary-material"}), the mice which exhibit the greatest decrease in plasma cholesterol ([Fig 1G](#pone.0156229.g001){ref-type="fig"}). These data suggest that PEG-rIL-10 regulates cholesterol via a non-canonical mechanism whereby significant amounts of serum cholesterol are removed firstly without the use of the Ldl receptor, and secondly via a means other than the induction of cholesterol uptake and catabolism by hepatocytes. Collectively these data suggest treatment with PEG-rMuIL-10 in vitro and AM0010 in vivo drives Kupffer cells to take up and remove plasma cholesterol.

![AM0010 treatment enhances Kupffer cell phagocytosis of LDL and VLDL particles.\
(A), primary human monocytes, (B), primary human macrophages, (C), primary human Kupffer cells and (D), human hepatocytes lipoprotein uptake with or without 24 hr. treatment of 100ng/mL PEG-rHuIL-10. (E-F) inhibition of LDL and VLDL uptake by Cytochalasin D. Each experiment represents 3--12 independent experiments. Background (b.g.) means cells without lipoprotein addition. Statistics for (A-F) were assessed by Students t-test where \*p\<0.05 and \*\*p\<0.01.](pone.0156229.g005){#pone.0156229.g005}

In vivo depletion of phagocytic cells abolishes PEG-rMuIL-10 reduction of cholesterol {#sec008}
-------------------------------------------------------------------------------------

Given the in vitro effects of AM0010, we hypothesized that phagocytic cells within the myeloid lineage were responsible for PEG-rMuIL-10s control of plasma cholesterol. We used a standard technique for removing phagocytic Kupffer cells \[[@pone.0156229.ref043]\] by dosing animals with clodronate liposomes in the presence or absence of PEG-rMuIL-10. We tracked the changes in peripheral monocytes ([Fig 6A](#pone.0156229.g006){ref-type="fig"}) versus changes in F4/80 cells within the liver ([Fig 6B](#pone.0156229.g006){ref-type="fig"}). We also confirmed hepatocyte health by TUNEL IHC (no increase in apoptotic cells), and H&E (no change in the histological morphology or cellular organization), both data not shown. We chose to dose with 1 mg/kg instead of the typical 0.2 mg/kg PEG-rMuIL-10 dose to ensure sufficient therapeutic compound was available to induce hypothesized functional changes to all of the myeloid lineage cells within the animal, in context of treatment with liposome encapsulated clodronate. Peripheral monocyte numbers were not reduced by liposome encapsulated clodronate treatment ([Fig 6A](#pone.0156229.g006){ref-type="fig"}); HEPES + Clodronate (HEPES:Cl). 7 days of dosing with PEG-rMuIL-10 does not yet change peripheral monocyte levels in the control; 1 mg/kg PEG-rMuIL-10 + Liposome (1 mg/kg:Li) but does cause a detectible increase in the 1 mg/kg PEG-rMuIL-10 + Clodronate (1 mg/kg:Cl) group. Interestingly, after 7 days of treatment, the liver was depleted of detectible F4/80 positive cells, even in the 1 mg/kg:Cl group ([Fig 6B](#pone.0156229.g006){ref-type="fig"}). This indicates that while the peripheral monocyte population varied from slightly increased to unchanged by PEG-rMuIL-10 dosing, the liver Kupffer cells were depleted after 7 days of treatment in the same animals. Depletion of liver Kupffer cells in the HEPES + Clodronate group, (HEPES/Cl) increased total serum cholesterol as did concomitant treatment with PEG-rMuIL10 and Clodronate Liposomes ([Fig 6C](#pone.0156229.g006){ref-type="fig"}). Mice exhibiting depleted hepatic Kupffer cells but increased serum monocytes were non-responsive to PEG-rMuIL-10 treatment; 1 mg/kg PEG-rMuIL-10 + Liposome (1 mg/kg:Li) vs. 1 mg/kg PEG-rMuIL-10 + Clodronate (1 mg/kg:Cl), ([Fig 6C](#pone.0156229.g006){ref-type="fig"}). These data confirm the in vitro analysis that PEG-rIL-10 does not directly induce the uptake of any form of cholesterol by hepatocytes. Moreover, the loss of Kupffer cells led to an increase in total peripheral cholesterol, even in the presence of normal peripheral monocyte numbers; ([Fig 6A--6C](#pone.0156229.g006){ref-type="fig"}) (HEPES:Cl). After 14 days of treatment, PEG-rMuIL-10 treated mice exhibited statistically increased peripheral monocytes; 1 mg/kg PEG-rMuIL-10 + Liposome (1 mg/kg:Li) and 1 mg/kg PEG-rMuIL-10 + Clodronate (1 mg/kg:Cl) ([Fig 6D](#pone.0156229.g006){ref-type="fig"}). The livers of mice treated with 1 mg/kg PEG-rMuIL-10 + Clodronate (1 mg/kg:Cl) were just beginning to show detectible F4/80 positive cells ([Fig 6E](#pone.0156229.g006){ref-type="fig"}). As a result, the mice with increased hepatic F4/80 positive cells (1mg/kg:Cl) exhibited partially restored sensitivity to PEG-rMuIL-10 cholesterol lowering ([Fig 6F](#pone.0156229.g006){ref-type="fig"}). These data suggest PEG-rMuIL-10 may facilitate Kupffer cell liver homeostasis, by overcoming the effects of clodronate and enhancing the repopulation of Kupffer cells in the liver thereby reestablishing their ability to lower cholesterol.

![In vivo depletion of phagocytic cells abolishes PEG-rMuIL-10 reduction of cholesterol.\
Ldlr-/- or wt mice were fed nc or hfc for 1--2 weeks prior to initiation of stated treatment. Treatments were; 1 mg/kg PEG-rMuIL-10 (1 mg/kg), HEPES buffer (HEPES), 5 mg/ml clodronate liposomes (Cl) or liposomes (Li). (A), peripheral monocyte percentage of white blood cells of vehicle or PEG-rMuIL-10 treated mice in combination with clodronate liposomes or liposomes. (B), representative hepatic F4/80 images from mice in (A). (C), total plasma cholesterol after 7 days treatment with; HEPES/liposomes, HEPES/clodronate, PEG-rMuIL-10/liposomes, or PEG-rMuIL-10/clodronate. (D-F), the same series of experiments as in (A-C) after 14 days of treatment. (A-F) statistics were assessed by ANOVA multiple comparisons where \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](pone.0156229.g006){#pone.0156229.g006}

Results and Discussion {#sec009}
======================

Therapeutic control of systemic cholesterol has predominantly focused on inhibiting dietary uptake and/or inhibition of endogenous synthesis. Ezetimibe inhibits dietary uptake \[[@pone.0156229.ref044], [@pone.0156229.ref045]\]. Statins block hepatocyte cholesterol synthesis by inhibiting the HMG-CoA pathway \[[@pone.0156229.ref046]\]. Recently, significant progress has been made in blocking PCSK9, a co-factor involved in regulating the recycling of the LDL receptor \[[@pone.0156229.ref047]\]. Blockade of PCSK9 increases the rate at which LDL particles are removed from the blood \[[@pone.0156229.ref048]\]. Kynamro is an antisense oligonucleotide that hybridizes with hepatocyte specific apoB-100 \[[@pone.0156229.ref049]\], but treatment leads to fatty liver disease \[[@pone.0156229.ref050]\]. Juxtapid predominantly inhibits microsomal triglyceride transfer protein in the liver \[[@pone.0156229.ref051], [@pone.0156229.ref052]\], but leads to fat accumulation in the liver \[[@pone.0156229.ref053]\]. Our findings add to recent data \[[@pone.0156229.ref054], [@pone.0156229.ref055]\] that macrophages actively participate in cholesterol regulation via remodeling atherosclerotic plaques and reverse cholesterol transport \[[@pone.0156229.ref056]\]. However, our data suggest that the liver resident Kupffer cells are significantly involved in cholesterol regulation and can be therapeutically engaged by treatment with AM0010. Kupffer cells represent 80--90% of all tissue resident macrophages in the body \[[@pone.0156229.ref057]\] and make up approximately 10--15% of the total 10--30 billion cells in an adult liver \[[@pone.0156229.ref058]\]. Kupffer cells are 18 times more efficient in cholesterol catabolism than hepatocytes and have been shown to take up \~70% \[[@pone.0156229.ref059]\] of plasma LDL and 30% \[[@pone.0156229.ref060]\] of total plasma cholesterol in rats and rabbits respectively. While Kupffer cells have been implicated in both fatty liver disease (FLD) and non-alcoholic steatohepatitis (NASH), our data suggests that the function of the Kupffer cells, rather than the absolute number may be dysfunctional in these diseases. This hypothesis is augmented by reports that Kupffer cells take up a substantial amount of serum cholesterol while constituting a small percentage of total cells in the liver, and that Kupffer cells catabolize this cholesterol at a higher rate than hepatocytes. It therefore seems possible that in diseased states, Kupffer cells may exhibit catabolic dysfunctions. The catabolism of lipid stores by lysosomal degradative pathways is termed lipophagy \[[@pone.0156229.ref061]\]. This is a growing field of investigation and there are no reports on Kupffer cells utilizing this pathway to catabolize cholesterol. Given the data presented herein, we hypothesize that Kupffer cells may naturally uptake and catabolize plasma cholesterol by lipophagy. Further to this hypothesis, we also show here that treatment of hypercholesterolemic mice with PEG-rIL-10 significantly lowers overall hepatic lipid and cholesterol levels leading to reduced steatosis. The reduction in steatotic cells is concomitant with the reversal of periportal collagen deposition and associated fibrosis. These data imply that chronic treatment with PEG-rIL-10 may significantly reduce NASH by directly engaging Kupffer cells to uptake and catabolize plasma cholesterol, rather than elicit the inappropriate accumulation of lipids by hepatocytes. Kupffer cell expression of TNFα is thought to be causative in this process \[[@pone.0156229.ref062]\]. IL-10 is a potent suppressor of inflammation associated elevated TNFα levels \[[@pone.0156229.ref063]\]. These data are in keeping with both preclinical \[[@pone.0156229.ref064]\] and clinical \[[@pone.0156229.ref065]\] data that rIL-10 treatment reduces liver fibrosis. Both Schering Plough and our clinical data suggest chronic exposure to rHuIL-10/AM0010 is safe and well tolerated. It is therefore possible that in addition to lowering cholesterol in general, AM0010 may represent an alternative treatment for people suffering from NASH.

Conclusions {#sec010}
===========

This is the first report to our knowledge to link IL-10's regulation of Kupffer cell phagocytosis to the decrease in peripheral cholesterol. The phagocytic myeloid immune system, including Kupffer cells, may represent a therapeutically untapped arm of the immune system. When properly engaged, this endogenous system appears to lower total plasma cholesterol levels without increasing inappropriate liver accumulation of cholesterol or triglycerides.

Materials and Methods {#sec011}
=====================

Serum and tissue cholesterol and chemistry quantitation {#sec012}
-------------------------------------------------------

25μL aliquots of ground mouse livers were used for the extraction of cholesterol/cholesteryl esters using a cholesterol/cholesteryl assay kit (BioVision) according to the manufacturer's instructions and measured with a Spectra Max 340 PC (Molecular Devices). Genomic DNA was extracted from equal amounts of sample using a DNeasy kit (QIAGEN) and measured with a NanoVue Plus (GE Healthcare) to normalize the cholesterol/cholesteryl measurements. Serum LDL-C or HDL-C quantitation was performed on a Beckman Coulter AU System LDL-Cholesterol test using a two reagent homogenous system at a 1:300 dilution (IDEXX). Plasma chemistry was performed on a Catalyst Chemistry Analyzer (IDEXX). Lipoproteins were separated by gel filtration chromatography via Superose 6 resin, at room temperature. VLDL, LDL and HDL controls were used to determine column residence time. Feces were collected from denoted strain and diet fed mice, dried o/n at 100°C and cholesterol was re-suspended in a ratio of 7:11:0.1, chrolophorm:isopropanol:NP-40 and incubated while vortexing at RT for 30 minutes and after centrifugation, supernatants were collected 3X. The supernatant was evaporated o/n and residue was re-suspended in cholesterol assay kit buffer. Feces were collected and dried at 100°C o/n. Total bile acids were collected via resuspension of feces in 75% ethanol. This was incubated with vortexing at RT for 1 hr. and then after centrifugation, the supernatant was taken and assayed in accordance with Diazyme total bile acids kit instructions.

### Tissue triglyceride quantitation {#sec013}

Mouse livers were ground up in 200 **μ**L water with pestles (VWR). 25**μ**L aliquots were used for the extraction of triglycerides using a Triglyceride Assay kit (Biovision) according to the manufacturer's instructions and measured with a Spectra Max 340 PC (Molecular Devices). Protein concentration was determined using the Pierce BCA protein assay (Thermo Scientific) according to the manufacturer's instructions and measured with a Spectra Max 340 PC.

qPCR analysis {#sec014}
-------------

Mouse livers were ground up in Buffer RLT (QIAGEN) with 10 μL β-mercaptoethanol (Sigma-Aldrich) using pestles (VWR), after which RNA was extracted using an RNeasy kit (QIAGEN) according to the manufacturer's instructions. The purified RNA was used as template for RT-PCR using an RT2 First Strand kit (QIAGEN). One microliter aliquots of the resulting cDNA samples were used for qPCR of the indicated transcripts on an ABI PRISM 7700 Sequence Detection System or an ABI ViiA 7 Real Time PCR Machine (Life Technologies). CT values were normalized to the average CT value of ***Gapdh*** and ***Gusb***. All primers used were purchased from QIAGEN.

Immunohistochemistry {#sec015}
--------------------

Liver tissues were fixed with 10% neutral-buffered formaldehyde and were embedded in paraffin. Tissue specimens were cut into 5-μm-thick sections, de-paraffinized in xylene sections, and hydrated in a graded series of alcohol solutions (100%, 95%, 80%, 70%, 50%-- 3 changes --5 minutes each). The tissues on slides underwent heat-induced epitope retrieval (10 mmol/L sodium citrate buffer at 98°C for 20 mins), then treated with 3% H~2~O~2~ to quench endogenous peroxidase. Sections were incubated in blocking solution (5% neutral goat serum) for 1 hr., at rt. Primary antibodies of choice were applied on the slides and incubated in humid chamber overnight at 4°C. Secondary biotinylated antibody was then applied at 1:250 dilution (Vector Lab, Burlingame, CA, USA), followed by incubation with streptavidin peroxidase. Sections were washed with phosphate buffer saline (PBS) 3X after each step. Sections were stained with DAB substrate and counterstained with Mayer\'s hematoxylin for 2 mins. Slides were dehydrated in 3 changes of 100% ethanol, cleared, and mounted.

### Anti-F4/80, Anti-Msr1 and PCNA {#sec016}

Liver tissues were fixed with 10% neutral-buffered formaldehyde and were embedded in paraffin. Tissue specimens were cut into 5-**μ**m-thick sections, deparaffinized in xylene sections, and were hydrated in a graded series of alcohol solutions (100%, 95%, 80%, 70%, 50%--three changes --5 minutes each). The tissues on slides underwent heat-induced epitope retrieval (10 mmol/L sodium citrate buffer at 98°C for 20 minutes), then treated with 3% H~2~O~2~ to quench endogenous peroxidase. Sections were incubated in blocking solution (5% neutral goat serum) for 1 hour at room temperature. Primary antibodies of choice were applied on the slides and incubated in humid chamber overnight at 4°C. Secondary biotinylated antibody was then applied at 1:250 dilution (Vector Lab, Burlingame, CA, USA), followed by incubation with streptavidin peroxidase. Sections were washed with phosphate buffer saline (PBS) three times after each step. Sections were stained with DAB substrate and counterstained with Mayer\'s hematoxylin for 2 minutes. Slides were dehydrated in three changes of 100% ethanol, cleared, and mounted.

### Picosirius red staining {#sec017}

Slides were heated in an oven at 60°C for 45 minutes, deparaffinized using xylene and series of alcohols and rehydrated in water; then kept for 60 minutes in freshly prepared Picosirius red solution according to manufacturer's instructions, followed by two washes in acidified water. Nuclei were stained with Weigert's hematoxylin for 8--10 minutes, dehydrated in three changes of 100% ethanol, cleared, and mounted.

### Image quantitation {#sec018}

PEG-rMuIL-10 treated livers were compared to vehicle-treated livers, 2--5 mice per group were randomly selected and stained with Sirius Red (Polyscience Inc.), anti-PCNA (Abcam), Hematoxylin (American MasterTech), anti-Msr1 (Abcam), anti-F4/80 (Abcam). For each liver, 8--10 independent images were collected using the 20 x objective. An average area of signal was then analyzed using MetaMorph Imaging Software (Molecular Devices) by applying a color threshold on a representative field and adjusting the pixel distribution to correspond with a positive signal. All images were taken with a 20X objective.

In vitro uptake assays {#sec019}
----------------------

Monocytes were isolated from Ficoll centrifugation isolated PBMC by Miltenyi magnetic bead positive selection. Macrophages were differentiated from positively selected peripheral blood monocytes with 50ng/mL GM-CSF (BioLegend) in cRPMI for 7 days. Human primary hepatocytes (Triangle Research Labs) and Kupffer cells (Invitrogen), were thawed and plated in 24-well or 96-well plates and incubated o/n in hepatocyte incubation medium (phenol-red free RPMI, pen/strep, Cell Maintenance Supplement B (Invitrogen)). Cells were washed and exposed for 24 hrs to AM0010. Cells were washed once and exposed to 15--20 μl DiI-LDL, DiI-VLDL, DiI-OxLDL or DiI-AcLDL, (Alfa Aesar), 2μl DMSO, 15μM Cytochalasin D (Sigma), where uptake was measured after 4 hours. All cells were washed once in 1XPBS and lysed with 110 μl cell lysis buffer (Sigma-Aldrich). 45 μl of cell lysate was transferred to clear bottom black walled plates (Greiner Bio-One) where fluorescence was read at 575 nm.

In vivo studies {#sec020}
---------------

Aragen Biosciences conducted mouse studies in accordance with standard operating procedures and established guidelines approved by their Institutional Animal Care and Use Committee (IACUC), which is called the Aragen IACUC committee. Aragen Bioscience <http://www.aragenbio.com/>. 380 Woodview Ave. Morgan Hill, CA 95037.

### Hypercholesterolemia model {#sec021}

In-life portions of the studies were performed at Aragen Biosciences. Wt and Ldlr-/- C57BL/6 mice (7--8 weeks old), from The Jackson Laboratory, were maintained on normal chow or fed High Fat Chow (HFC, 0.2% Cholesterol, 21% Fat) diet for 2 or 7 weeks prior to dosing. PEGylated recombinant mouse IL-10 (PEG-rMuIL-10) or vehicle (10 mM HEPES, 100 mM NaCl, pH 6.5, 0.05% mouse serum albumin) was dosed subcutaneously daily for 2 to 3 weeks; mice were maintained on their respective diets throughout dosing. Msr1-/- (The Jackson Laboratory) and Marco-/- (a kind gift from Dr. Lester Kobzik) mice were treated similarly as above. For clodronate depletion studies, mice were dosed, intravenously, with clodronate liposomes (5mg/ml clodronate) or vehicle liposomes suspended in 1X PBS, every three days (first dose: 0.2 ml, subsequent doses: 0.1 ml), starting one day before PEG-rMuIL-10 dosing. Monocytes were quantified with a ProCyte Dx Hematology Analyzer. Both ezetimibe (75mg/kg) and simvastatin (10mg/kg) were administered by oral gavage daily.

Clinical studies {#sec022}
----------------

Fully consented male and female patients, 18--80 years old suffering from terminal, surgically non-operable, late stage neoplastic disease of non-lymphatic origin, were subjected to weekly peripheral blood collection by trained phlebotomists under IRB approved protocol; FDA study ID\# NCT02009449. Serum cholesterol quantitation was performed by local clinical laboratories following standard procedures. AM0010 was administered at 1, 2.5, 5, 10, or 20 μg/kg s.c. qd. For the Schering Plough studies, IL-10 was administered as stated in tables. Samples for serum chemistry analysis from the rHuIL-10 safety study, (Schering Plough Study Protocol \#C97-070) and Crohn's study (Schering Plough Study Protocol \#C195-152) were obtained from fully consented male and female patients, 18--60 years old, and analyzed in a similar manner to the ARMO studies. All patients provided written consent and the record of their consent is contained within the Trial Master File. Three IRBs approved the site specific protocols for the administration of AM0010 to cancer patients. These IRBs are as follows:

Dana-Farber/Harvard Cancer Center: DFCI IRB

Memorial Sloan Kettering Cancer Center: Memorial Sloan Kettering Cancer Center IRB

MD Anderson Cancer Center: MD Anderson Cancer Center IRB

Supporting Information {#sec023}
======================

###### Related to [Fig 2](#pone.0156229.g002){ref-type="fig"}, PEG-rMuIL-10 treatment effect on scavenger receptor regulation in the Ileum.

S1 Fig ileum mRNA expression profiling of Ldlr-/- fed high fat diet for 2 weeks and treated s.c. daily with 0.2 mg/kg PEG-rMuIL-10 for 2 weeks.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 2](#pone.0156229.g002){ref-type="fig"}, PEG-rMuIL-10 treatment effect on scavenger receptor regulation in the Ileum.

S2 Fig jejunum mRNA expression profiling of Ldlr-/- fed high fat diet for 2 weeks and treated s.c. daily with 0.2 mg/kg PEG-rMuIL-10 for 2 weeks.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 2](#pone.0156229.g002){ref-type="fig"}, PEG-rMuIL-10 effect on the Mevalonate pathway.

[S3](#pone.0156229.s003){ref-type="supplementary-material"}--[S6](#pone.0156229.s006){ref-type="supplementary-material"} Figs, Expression of Mevalonate Pathway genes: 3-hydroxy-3-methyl-glutaryl-CoA reductase (Hmgcr), 3-hydroxyl-3-methyl-glutaryl-CoA Synthase 1 (Hmgcs1) and 3-hydroxyl-3-methyl-glutaryl-CoA Synthase 2 (Hmgcs2) were assessed by qPCR at the end of treatment. S3 Fig, wt mice on nc, were treated for 1--2 weeks with vehicle or 0.2 mg/kg s.c. qd PEG-rMuIL-10.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 2](#pone.0156229.g002){ref-type="fig"}, PEG-rMuIL-10 effect on the Mevalonate pathway.

S4 Fig, Ldlr-/- mice on nc, were treated for 1--2 weeks with vehicle or 0.2 mg/kg s.c. qd PEG-rMuIL-10.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 2](#pone.0156229.g002){ref-type="fig"}, PEG-rMuIL-10 effect on the Mevalonate pathway.

S5 Fig, wt mice mice on high fat chow (hfc) were fed for 2 weeks and treated for two weeks with vehicle or 0.2 mg/kg s.c. qd PEG-rMuIL-10.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 2](#pone.0156229.g002){ref-type="fig"}, PEG-rMuIL-10 effect on the Mevalonate pathway.

S6 Fig, Ldlr-/- mice on high fat chow (hfc) were fed for 2 weeks and treated for two weeks with vehicle or 0.2 mg/kg s.c. qd PEG-rMuIL-10.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 3](#pone.0156229.g003){ref-type="fig"}, PEG-rMuIL-10 treatment reduces hepatic lipids.

S7 Fig, Ldlr-/- mice were fed hfc for 2 weeks the dosed s.c. daily with 0.2 mg/kg PEG-rMuIL-10 for 2 weeks. 10--20 images per mouse were quantified with 4 mice per cohort randomly selected. The median percent threshold of signal was determined and plotted for each mouse. Wt or Ldlr-/- mice on nc were treated for 1--2 weeks with vehicle or 0.2 mg/kg s.c. qd PEG-rMuIL-10. Wt or Ldlr-/- mice on high fat chow (hfc) were fed for 4 weeks and treated with vehicle or 0.2 mg/kg s.c. qd PEG-rMuIL-10 during the last 2 weeks. Statistics assessed by Students T test where \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 3](#pone.0156229.g003){ref-type="fig"}, PEG-rMuIL-10 treatment induces hepatic proliferation.

S8 Fig, hepatic expression analysis of Ki67 from 5--10 wt or LDLR-/- mice per group fed nc or hfc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 3](#pone.0156229.g003){ref-type="fig"}, PEG-rMuIL-10 treatment induces hepatic proliferation.

[S9](#pone.0156229.s009){ref-type="supplementary-material"}--[S12](#pone.0156229.s012){ref-type="supplementary-material"} Figs, Liver PCNA IHC. 10--20 liver images per mouse were quantified with 2--3 mice per cohort randomly selected. The median percent threshold of signal was determined and plotted for each mouse. PCNA IHC image quantitation of wt mice on nc, S9 Fig, wt mice on nc. Statistics assessed by Students T test where \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 3](#pone.0156229.g003){ref-type="fig"}, PEG-rMuIL-10 treatment induces hepatic proliferation.

S10 Fig, Ldlr-/- mice fed nc. Statistics assessed by Students T test where \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 3](#pone.0156229.g003){ref-type="fig"}, PEG-rMuIL-10 treatment induces hepatic proliferation.

S11 Fig, wt mice on nc. Statistics assessed by Students T test where \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 3](#pone.0156229.g003){ref-type="fig"}, PEG-rMuIL-10 treatment induces hepatic proliferation.

S12 Fig, Ldrl-/- on hfc. Statistics assessed by Students T test where \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 3](#pone.0156229.g003){ref-type="fig"}, PEG-rMuIL-10 treatment induces hepatic proliferation.

[S13](#pone.0156229.s013){ref-type="supplementary-material"}--[S16](#pone.0156229.s016){ref-type="supplementary-material"} Figs, liver expression analysis of Pcsk9, CD14, F4/80, Msr1 and Marco genes from wt mice fed nc, S13 Fig, wt mice fed nc treated with vehicle or 0.2 mg/kg s.c. qd PEG-rMuIL-10.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 3](#pone.0156229.g003){ref-type="fig"}, PEG-rMuIL-10 treatment induces hepatic proliferation.

S14 Fig, Ldlr-/- mice fed nc treated with vehicle or 0.2 mg/kg s.c. qd PEG-rMuIL-10.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 3](#pone.0156229.g003){ref-type="fig"}, PEG-rMuIL-10 treatment induces hepatic proliferation.

S15 Fig, wt mice fed hfc treated with vehicle or 0.2 mg/kg s.c. qd PEG-rMuIL-10.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 3](#pone.0156229.g003){ref-type="fig"}, PEG-rMuIL-10 treatment induces hepatic proliferation.

S16 Fig, Ldlr-/- mice fed hfc treated with vehicle or 0.2 mg/kg s.c. qd PEG-rMuIL-10.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 4](#pone.0156229.g004){ref-type="fig"}, PEG-rMuIL-10 treatment reduces liver fibrosis.

Liver Sirius Red IHC. [S17](#pone.0156229.s017){ref-type="supplementary-material"}--[S20](#pone.0156229.s020){ref-type="supplementary-material"} Figs, representative periportal liver images of vehicle dosed wt and Ldlr-/- mice on nc and hfc. [S21](#pone.0156229.s021){ref-type="supplementary-material"}--[S24](#pone.0156229.s024){ref-type="supplementary-material"} Figs, representative periportal images of 0.2 mg/kg s.c. qd PEG-rMuIL-10 dosed wt and LDLR-/- mice fed nc and hfc. S17 Fig, wt fed nc, vehicle treated for 1 week.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 4](#pone.0156229.g004){ref-type="fig"}, PEG-rMuIL-10 treatment reduces liver fibrosis.

S18 Fig, Ldlr-/- fed nc, vehicle treated for 1 week.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 4](#pone.0156229.g004){ref-type="fig"}, PEG-rMuIL-10 treatment reduces liver fibrosis.

S19 Fig, wt on hfc, vehicle treated for 2 weeks.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 4](#pone.0156229.g004){ref-type="fig"}, PEG-rMuIL-10 treatment reduces liver fibrosis.

S20 Fig, Ldlr-/- fed hfc, vehicle treated for 2 weeks.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 4](#pone.0156229.g004){ref-type="fig"}, PEG-rMuIL-10 treatment reduces liver fibrosis.

S21 Fig, wt fed nc, PEG-rMuIL-10 treated for 1 week.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 4](#pone.0156229.g004){ref-type="fig"}, PEG-rMuIL-10 treatment reduces liver fibrosis.

S22 Fig, Ldlr-/- fed nc, PEG-rMuIL-10 treated for 1 week.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 4](#pone.0156229.g004){ref-type="fig"}, PEG-rMuIL-10 treatment reduces liver fibrosis.

S23 Fig, wt fed hfc for 4 weeks, treated with PEG-rMuIL-10 for 2 weeks.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 4](#pone.0156229.g004){ref-type="fig"}, PEG-rMuIL-10 treatment reduces liver fibrosis.

S24 Fig, Ldlr-/- fed hfc for 4 weeks, treated with PEG-rMuIL-10 for 2 weeks.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 4](#pone.0156229.g004){ref-type="fig"}, PEG-rMuIL-10 treatment reduces liver fibrosis.

S25Fig, Ldlr-/- fed hfc for 7 weeks.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 4](#pone.0156229.g004){ref-type="fig"}, PEG-rMuIL-10 treatment reduces liver fibrosis.

S26 Fig, Ldlr-/- from [S25 Fig](#pone.0156229.s025){ref-type="supplementary-material"}, dosed with vehicle for 3 weeks while remaining on hfc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 4](#pone.0156229.g004){ref-type="fig"}, PEG-rMuIL-10 treatment reduces liver fibrosis.

S27 Fig, Ldlr-/- from [S25 Fig](#pone.0156229.s025){ref-type="supplementary-material"}, dosed with 0.2mg/kg for 3 weeks with 0.2mg/kg PEG-rMuIL-10 s.c. qd while remaining on hfc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

Mice treated as in [S28](#pone.0156229.s028){ref-type="supplementary-material"}--[S31](#pone.0156229.s031){ref-type="supplementary-material"} Figs. Fecal bile acids and cholesterol measurements represent the total fecal matter from 2 weeks of dosing from two separate cages housing 4--5 mice per cage. To ensure sufficient material to quantify after drying and extraction, the total fecal material from each cage had to be pooled. S28 Fig fecal cholesterol of wt mice fed nc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S29 Fig, fecal cholesterol of Ldlr-/- mice fed nc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S30 Fig, fecal cholesterol of wt and mice fed high fat chow (hfc).

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S31 Fig, fecal cholesterol of Ldlr-/- mice fed high fat chow (hfc).

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S32 Fig, fecal bile acids of wt mice fed nc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S33 Fig, fecal bile acids of wt and Ldlr-/- mice fed nc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S34 Fig, fecal bile acids of wt mice fed hfc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S35 Fig, fecal bile acids of Ldlr-/- mice fed hfc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S36 Fig, serum bile acids in wt mice fed nc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S37 Fig, serum bile acids in Ldlr-/- mice fed nc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S38 Fig, serum bile acids in wt mice fed hfc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S39 Fig, serum bile acids in Ldlr-/- mice fed hfc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S40 Fig serum ApoA1 in Ldlr-/- mice fed nc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S41 Fig, serum ApoA1 in wt mice fed hfc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S42 Fig, serum ApoA1 in Ldlr-/-mice fed hfc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 5](#pone.0156229.g005){ref-type="fig"}, PEG-rMuIL-10 treatment does not increase canonical cholesterol catabolism.

S43 Fig, serum ApoB-100 in Ldlr-/- mice fed hfc.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 1](#pone.0156229.g001){ref-type="fig"}, PEG-rIL-10 treatment is safe and reduces plasma cholesterol levels.

S1 Table, Serum chemistry data from Schering Plough safety study in health volunteers. Cholesterol, LDL, HDL, AopA and ApoB levels from 12 heathy donors treated subcutaneous (s.c.), every other day with 8 μg/kg rHuIL-10 for 11 days. Serum chemistry was analyzed pre-dose and on day 12.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 1](#pone.0156229.g001){ref-type="fig"}, PEG-rIL-10 treatment is safe and reduces plasma cholesterol levels.

S2 Table, Serum chemistry data from Schering Plough Crohn's study. 263 total patients with active steroid refractory Crohn's disease were treated s.c., daily (qd), for 28 days with 1, 4, 8, 20 μg/kg rHuIL-10 or placebo. S2 Table lists serum chemistry markers and the number of patients who exhibited changes in these markers at any time during the study.

(JPG)

###### 

Click here for additional data file.

###### Related to [Fig 1](#pone.0156229.g001){ref-type="fig"}, PEG-rIL-10 treatment is safe and reduces plasma cholesterol levels.

S3 Table, Serum chemistry data was pooled from all 7 PEG-rMuIL-10 dosing studies. S3 Table illustrates the plasma/serum levels after dosing with 0.2 mg/kg PEG-rMuIL-10 for listed liver function markers.

(JPG)

###### 

Click here for additional data file.
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